Abstract Multiple myeloma (MM) cells continuously secrete large amounts of immunoglobulins that are folded in the endoplasmic reticulum (ER) whose function depend on the Ca 2+ concentration inside its lumen. Recently, it was shown that the ER membrane leaks Ca 2+ that is captured and delivered back by mitochondria in order to prevent its loss. Thus, we hypothesized that the highly active and abundant ER in MM cells results in greater Ca 2+ -regulation by mitochondria which would render them sensitive to mitochondrial inhibitors. Here, we indeed Wnd that Ca 2+ leak is greater in 3 MM, when compared to 2 B-cell leukemia cell lines. Moreover, this greater leak in MM cells is associated with hypersensitivity to various mitochondrial inhibitors, including CCCP. Consistent with our hypothesis, CCCP is more potent in inducing the unfolded protein response marker, CHOP/GADD153 in MM versus B-cell leukemia lines. Additionally, MM cells are found to be signiWcantly more sensitive to clinically used fenoWbrate and troglitazone, both of which were recently shown to have inhibitory eVects on mitochondrial function. Overall, our results demonstrate that the unusually high ER activity in MM cells may be exploited for therapeutic beneWt through the use of mitochondrial inhibitors including troglitazone and fenoWbrate.
Introduction
Multiple myeloma (MM) is derived from antibody producing plasma cells and continuously secretes either antibodies or immunoglobulin light chains. To meet the demand for the large amount of immunoglobulin secretion, MM cells contain a high amount of endoplasmic reticulum (ER) as demonstrated by electron microscopic studies [20] . In the lumen of the ER, glycoproteins, including immunoglobulins, are synthesized and subsequently folded into their native conWrmation prior to their transport to the Golgi apparatus. This highly complex, yet tightly regulated protein folding process, is maintained by several ER-resident proteins. All of these proteins are shown to bind Ca 2+ in order to execute their function [40] . Therefore, it is not surprising that ER luminal Ca 2+ concentrations are maintained at high levels in order to maintain eYcient glycoprotein synthesis and folding.
The Ca 2+ concentration in the ER depends on the equilibrium established by the competition between its release from the ER lumen and its import from the cytoplasm via the smooth endoplasmic reticulum ATPase (SERCA). The release of Ca 2+ from the ER following induction by agonists that open the inositol triphosphate (IP3) channels or ryanodine receptors [6, 12, 33] has been well-studied. However, recently it was shown that there is a continuous ER Ca 2+ leak which is independent from activation of the IP3-or ryanodine channels. This "passive leak" involves the translocon on the ER membrane, through which proteins are transported, and at the same time leaks Ca 2+ following its binding to a ribosome-peptide complex [11, 45] . Although the physiological relevance of this leak is under debate, it appears that the rate of leak correlates with the number of translocons [9] . Therefore, it stands to reason that in a secretory cell like MM where there is a high rate of protein translocation from the cytoplasm into the ER, there should be greater amounts of Ca 2+ leak as compared to non-secretory cells of the same lineage such as B-cell leukemias.
The greater Ca 2+ leak, in turn, should render the ER function in MM cells dependent on mitochondrial activity since mitochondria are shown to play an important role in replenishing the Ca 2+ content of the ER following release of this cation into the cytoplasm. As Ca 2+ exits the ER, it is rapidly sequestered by mitochondria without allowing its diVusion into other compartments of the cell [1, 7] . Following its entry into the mitochondrial matrix, Ca 2+ ions Xow back into the ER via SERCA [29] . Thus, it follows that when mitochondria are inhibited, Xuxing of Ca 2+ back into the ER will be diminished. Therefore, we hypothesized that the high ER function and subsequent Ca 2+ leak of MM cells will render them more susceptible to mitochondrial inhibitors, i.e. electron transport chain (ETC) blockers or uncouplers, as compared to non-antibody producing B-cells.
It has been clearly established that when ER Ca 2+ is reduced, protein folding is disrupted and unfolded proteins accumulate in the ER resulting in the initiation of a complex pathway known as the unfolded protein response (UPR) [43] . Although the UPR initially upregulates genes that are involved in reestablishing ER homeostasis, it also leads to cell death if the stress in the ER is not alleviated [22] . Thus, in the present study, we investigated in several MM cell lines whether targeting mitochondria with wellknown inhibitors would interfere with ER function and thereby induce UPR-mediated apoptosis.
Although the hypothesis presented here is new, exploitation of this idea for therapeutic gain is limited due to the well-characterized toxicity of the ETC. inhibitors as well as uncouplers used in this study [19, 24] . However, recently it was reported that the peroxisome proliferators-activated receptor (PPAR) agonists, i.e., troglitazone, a PPAR agonist which is used to treat diabetes, and fenoWbrate, a PPAR agonist which lowers cholesterol, uncoupled and/or inhibited mitochondrial respiration [35] . These reports prompted us to investigate whether either or both troglitazone and fenoWbrate, similar to ETC inhibitors, have selective toxic activity toward MM, as compared to nonmyeloma cells, and therefore may be useful in the clinic for targeting these cells.
Methods and material

Cells types
The MM cell line 8226 was purchased from American Tissue and Cell Collection (ATCC, Manassas, VA, USA) while MM.1S and KMS-11 cell lines were established as previously described [36] . B-cell leukemia lines, NALM6 and REH cells, were a kind gift from Dr. Julio Barredo from University of Miami Sylvester Comprehensive Cancer Center (Miami, FL, USA). All cell lines were grown in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum under 37°C and 5% CO 2 .
Cytotoxicity assay
Cells were incubated for 24 h at 37°C in 5% CO 2 at which time drug treatments began and continued for 24 h. At this time cells were transferred to a tube followed by centrifugation at 400g for 5 min. The pellets were resuspended in 1 ml of Hanks solution and analyzed by Vi-Cell (Beckman Coulter, Fullerton, CA, USA) cell viability analyzer.
Assaying mitochondrial function
Two parameters were assayed for mitochondrial function: m and oxygen consumption. m was estimated using 5,5Ј,6,6Ј-tetraethylbenzimidazole carbocyanide iodide (JC-1, Invitrogen, Carlsbad, CA, USA) as described in [2] . Oxygen consumption was measured in 3 £ 10 6 cells using a Clark's electrode (Hansatech, Cambridge, UK) as described previously [25] .
Measurement of cytoplasmic and mitochondrial calcium Cytoplasmic Ca 2+ concentration was estimated by using the cell permeant ratiometric Xuorochrome indo-1-AM (Invitrogen, Carlsbad, CA, USA) while mitochondrial Ca 2+ was measured by X-Rhod-1-AM (Invitrogen, Carlsbad, CA, USA). In the latter assay, to normalize mitochondrial Ca 2+ signal to mitochondria number, Mitotracker Green (Invitrogen, Carlsbd, CA, USA) Xuorescence was simultaneously analyzed. Experiments were performed in cells loaded with either 2.5 M of indo-1 or 5 M X-rhod-1 and 250 nM of Mitotracker at 37°C for 45 min. Cells were, then, centrifuged at 400g for 5 min and resuspended in their growth medium followed by distribution of 100 l of aliquots into 96 well optical bottom plates (Nalge Nunc, Int., Rochester, NY, USA) and Xuorescence was measured by Spectra Max Gemini Plus (Molecular Devices, Sunnyvale, CA, USA). The average of triplicates from untreated samples was used as control reading and increase in cytoplasmic or mitochondrial Ca 2+ was calculated as percent increase from control samples.
Western blot analysis
Western blots were performed as described previously [25] . Membranes were probed with monoclonal rabbit anti-GRP94, anti GRP-78, anti-PDI, anti-CHOP/GADD153, anti-cleaved caspase 3 (Cell Signaling, Danvers, MA, USA) and monoclonal mouse anti--actin (Sigma, St. Louis, MO, USA).
Results
The ER of MM cells leak more Ca 2+ than the ER of B-cell leukemias As shown in Fig. 1a , MM cell lines (MM.1S, 8226, KMS-11), as compared to B-cell leukemias (NALM6 and REH), express signiWcantly greater amounts of ER-resident proteins, i.e., glucose-regulated protein 94 (GRP94), protein disulWde isomerase (PDI), which correlates with their highly upregulated secretory function. Since Ca 2+ is Fig. 1 Higher expression of ER-resident proteins correlates with hypersensitivity to thapsigargine and increased ER Ca 2+ leak in MM as compared to non-myeloma cell lines. a Expression of two ERresident proteins, GRP94 and PDI, was assayed by western blot in all 5 cell lines. b Sensitivity to the SERCA inhibitor, thapsigargine, in MM cell lines, as assayed by trypan blue exclusion assays following 24 h treatment. The data is an average of triplicate samples from one of three experiments. c ER Ca 2+ leak was estimated by the increase in the ratio of indo-1 Xuorescence emitted at 400 versus 500 nm following thapsigargine treatment. Thapsigargine was added after 5 min of basal calcium measurement. The data represents the percent increase of the ratio of indo-1 Xuorescence as compared to control levels and the average + SD of triplicate samples required for the enzymatic activity of most of the ER-resident proteins, its concentration in the ER is important to ensure correct folding and thereby avoid ER stress. Thus, it could be expected that MM cells would be particularly sensitive to changes in ER Ca 2+ . To investigate this possibility, we assayed the toxicity of thapsigargine, an inhibitor of the main ER Ca 2+ pump, SERCA. Indeed, when treated with this agent, all 3 MM cell lines are found to be sensitive to it while at equivalent doses 2 B-cell leukemias are resistant (Fig. 1b) .
Recently, the transport of glycoproteins from cytoplasm into the ER has been shown to be associated with Ca 2+ leak. Due to the high levels of glycoprotein production in MM cells, we investigated whether there is a greater ER Ca 2+ leak in these cells as compared to B-cells. As shown in previous reports, ER Ca 2+ leak can be assayed indirectly by measuring cytoplasmic Ca 2+ concentration following inhibition of SERCA by thapsigargine [38, 45] . Within 5 min after addition of thapsigargine, cytoplasmic Ca 2+ concentration signiWcantly increases in all Wve cell lines. However, after 30 min cytoplasmic Ca 2+ concentration stabilizes at its new equilibrium in which all 3 MM cell lines had signiWcantly greater cytoplasmic Ca 2+ concentration than the 2 Bcell leukemias indicating that ER Ca 2+ leak is greater in the former cell type. Furthermore, the order of ER Ca 2+ leak is found to be MM1.S > 8226 > KMS-11 which correlates with the order of sensitivity to thapsigargine (Fig. 1c) . Taken together, these Wndings indicate that MM cells have a more profound Ca 2+ leakage from their ER membrane than B-cell leukemias which correlates with their greater sensitivity to SERCA inhibition.
Increased ER Ca 2+ leak in MM cells is associated with hypersensitivity to mitochondrial inhibitors Since mitochondria play an important role in replenishing ER Ca 2+ content following its exit from ER lumen, we were prompted to investigate whether MM cells are more sensitive to mitochondrial inhibitors due to their greater ER Ca 2+ leak. Here, we demonstrate that all 3 MM cell lines undergo signiWcant cell death following 24 h treatment with rotenone (complex I inhibitor), antimycin A (complex III inhibitor) and oligomycin (complex V inhibitor) at concentrations that induce little or no toxicity in the 2 B-cell leukemia lines (Fig. 2a-c) . A common outcome of 24 h treatment with these distinct mitochondrial inhibitors is the reduction in m. This potential is reported to be a major factor for capturing cytoplasmic Ca 2+ and re-directing it back to the ER thereby preventing reduction of ER Ca 2+ content.
To more directly demonstrate that reduction of m is the underlying mechanism for hypersensitivity of MM cells to mitochondrial inhibitors we used a well-known uncoupler, CCCP, that directly dissipates mitochondrial proton gradient. Similar to other mitochondrial inhibitors, CCCP is also more toxic to MM cells as compared to non-myeloma cells (Fig. 2d) . It is important to note that CCCP is known to be a classical inducer of apoptosis [23] and therefore with higher concentrations of this agent, signiWcant toxicity is induced in all cell types. However, the concentration of CCCP as well as other OxPhos inhibitors required to induce cell death in all 3 MM cells is signiWcantly less than that required for B-cell leukemias.
All OxPhos inhibitors used in these studies display a similar pattern of potency where the order of sensitivity is found to be MM.1S > 8226 > KMS-11. This pattern is consistent with the rate of ER Ca 2+ leak in these cells (Fig. 1c ) which suggests that the mechanism of cell death induced by mitochondrial inhibitors may be related to their ability to perturb mitochondria-ER Ca 2+ recycling.
Greater sensitivity of MM cells, as compared to B-cell leukemias, to mitochondrial inhibitors does not correlate with intrinsic diVerences in their mitochondrial function
To rule out the possibility that heightened sensitivity of MM cells to reduction in m results from deWciencies in the mitochondrial function of these cells as compared to B-cell leukemias, we compared the oxygen consumption as well as m in all Wve cell lines. All MM cells appear to respire 40-50% more than 2 B-cell leukemias indicating that deWciency in the mitochondrial activity of the former cells is not a likely reason for their hypersensitivity to mitochondrial inhibitors (Table 1) . Similarly, when m is estimated by the ratio of aggregated versus non-aggregated JC-1 dye, inherent diVerences in m between these cell lines are found not to correlate with their diVerential sensitivity to mitochondrial inhibitors. Therefore, intrinsic diVerences in mitochondrial function does not appear to be the major determinant for hypersensitivity of MM cells to mitochondrial inhibitors.
CCCP has similar eVects on m and mitochondrial Ca 2+ uptake in MM versus B-cell leukemic cell lines
To investigate the underlying factor for heightened sensitivity of MM cells to mitochondrial inhibitors we used CCCP, since the oxidative stress generated by the other inhibitors can alter Ca 2+ homeostasis directly which could complicate the interpretation of the results. When the eVects of CCCP were compared in the MM.1S versus REH cell lines, it was determined that immediately after addition of 10 M of CCCP, m is signiWcantly reduced in both cell types (Fig. 3a) . Moreover, this reduction in m coincides with lowering of Ca 2+ concentration in the mitochondrial matrix while cytoplasmic Ca 2+ levels go up in both cell types (Fig. 3b, c) . These data indicate that perturbation of mitochondrial proton gradient leads to release of free Ca 2+ ions from the matrix of this organelle into the cytoplasm in both cell types. Furthermore, 5-10 min following their entry into the cytoplasm, Ca 2+ ions appear to be cleared from this compartment as can be seen by the rapid reduction of cytoplasmic Ca 2+ concentration in both cell lines (Fig. 3) . However, it is important to note that cytoplasmic Ca 2+ levels go back to control levels in the B-cell leukemia, REH, while they remain elevated in the MM cell line, MM.1S. This sustained increase in cytoplasmic Ca 2+ concentration of MM1.S cell line may be explained by the greater continuous leak of this cation from the ER of MM.1S, which cannot be captured by their mitochondria under these conditions (Fig. 1c) . Taken together, these Wndings suggest that CCCP has similar eVects on the mitochondria of both MM and B-cell leukemia lines and does not account for the hypersensitivity of MM cells to mitochondrial inhibition.
Induction of unfolded protein response is associated with cell death induced by CCCP in MM cells
As demonstrated above, treatment of MM cells with CCCP drastically reduces m and mitochondrial Ca 2+ content while increasing its cytoplasmic levels. To investigate how these events lead to cell death in MM cells, we focused on three possibilities: (i) Ca 2+ -mediated toxicity as a result of accumulation of this cation in the cytoplasm of MM cells: (ii) inhibition of ATP synthesis following dissipation of the proton gradient by CCCP: (iii) induction of UPR due to perturbation of mitochondrial Ca 2+ loading of ER. The Wrst possibility is unlikely for the following reasons: (1) Addition of the membrane permeable Ca 2+ chelator, BAPTA-AM does not reverse the toxicity of CCCP in MM.1S cells (Fig. 4a); ( 2) It appears from the literature that cell death due to cytosolic Ca 2+ accumulation occurs via activation of numerous cytotoxic pathways including calpains, endonucleases and caspases while classical mitochondrial apoptosis is primarily caspase-dependent [21] . Based on these reports, we tested and found that the pan-caspase inhibitor Z-VAD can reverse the majority of CCCP toxicity in MM.1S cells suggesting that cell death induced by this agent is mediated mainly by the classical mitochondrial apoptotic pathway and not due to accumulation of Ca 2+ in the cytoplasm (Fig. 4a) .
As mentioned above, a possible explanation of why CCCP is more potent in inducing apoptosis in MM.1S versus REH cells is that the former cell type may be more susceptible to ATP depletion by this treatment. However, as demonstrated in Fig. 4b , ATP levels are decreased more signiWcantly in REH cells, as compared to MM.1S cells. Furthermore, consistent with greater reduction of ATP in REH cells following CCCP treatment, the cytoplasmic ATP sensor, AMPK, is found to be more phosphorylated in these cells at the highest dose (10 M) (Fig. 4c) . At the lowest dose (2.5 M), when the ratio of phosphorylated versus non-phosphorylated AMPK bands are measured by densitometry (Fig. 4d) , a similar increase is found in both cell types which correlates with their similar reductions in ATP levels (Fig. 4b) . At higher doses, AMPK phosphorylation is suppressed in MM.1S cells while it continues to increase in REH cells (Fig. 4d) . Overall, these data indicate that ATP depletion resulting from CCCP treatment does not appear to be the underlying reason for the heightened sensitivity of MM cells to this agent.
A third possibility is oVered by the intricate relationship between mitochondria and ER for replenishing Ca 2+ in the latter organelle. Above, we demonstrated that the ER of MM cells leak signiWcantly more Ca 2+ than B-cell leukemias and thus it follows that upon inhibition of mitochondrial Ca 2+ uptake by CCCP, the ER Ca 2+ concentrations will decrease more abruptly in MM cells as compared to B-cell leukemias. Since we were not able to measure ER Ca 2+ directly, we assayed induction of UPR as a marker of reduced ER Ca 2+ concentration. It is well-known that interference with ER Ca 2+ levels leads to initiation of UPR, which if severe enough or prolonged, results in cell death [12, 43] . Among various markers of UPR, we selected those from the PERK pathway, i.e. CHOP/GADD153, since the two other ER stress signal transducers, IRE1 and ATF6, are shown to be constitutively active in order to maintain the high ER function of MM cells [18, 36] . Following treatment with 2.5 M of CCCP, there is signiWcant induction of CHOP/GADD153 expression in MM.1S cells 2+ and c cytoplasmic Ca 2+ levels were measured using the Xuorochromes JC-1, X-rhod-1 and indo-1, respectively. After 10 min of initial baseline measurement, CCCP was added into each well to achieve a Wnal concentration of 10 M and changes in Xuorescence intensity was assayed for up to 2 h. In the graphs the time point of CCCP addition is marked as '0'. The graph is an average of triplicate samples with + SD while at least 10 M of this agent is required to cause a similar increase in REH cells (Fig. 4c) . Furthermore, consistent with greater toxicity of CCCP in MM cells, the major executioner caspase, caspase 3, starts to get cleaved following treatment with 5 M of CCCP while no cleaved caspase 3 can be detected in REH cells even at the 10 M dose. Interestingly, the upstream markers of the PERK pathway, i.e., eif2 phosphorylation and ATF4 upregulation, were not detected in MM.1S cells treated with CCCP (data not shown). Although the induction of CHOP/ GADD153 is generally known as a reliable marker of the PERK pathway, another possibility comes from recent reports in which CHOP/GADD153 up-regulation is shown to also occur as a result of mitochondrial UPR which is independent from the PERK pathway [17] . However, this possibility remains questionable since transducers of the mitochondrial UPR in mammalian cells are currently unknown. Overall, these results suggest that the apoptotic cell death induced by dissipation of m in MM results mainly from perturbation of protein folding either in the ER or mitochondria of these cells and not from ATP depletion or cytosolic Ca 2+ accumulation.
Mitochondrial inhibitors induce UPR in all 3 MM cell lines
In addition to CCCP, when MM cells are treated with other inhibitors of mitochondria, i.e. rotenone, antimycin A and oligomycin, for various time points, CHOP/GADD153 induction can also be detected. Three hours of incubation with all 4 mitochondrial inhibitors resulted in increased expression of CHOP/GADD153 in all 3 MM cell lines (Fig. 5) . When the eVects of CCCP are compared in 3 cell lines, the induction of CHOP/GADD153 appears to be more profound in MM.1S and 8226 as compared to KMS-11 which correlates with the less toxic eVects of this agent in the latter cell line (Fig. 5) . Similarly, caspase 3 cleavage occurs more rapidly in MM.1S and 8226 versus KMS-11 cells following CCCP treatment. When ETC inhibitors were tested, rotenone induced less CHOP/GADD153 expression than CCCP although at the concentrations used in these experiments they both resulted in a similar magnitude of cell death (Fig. 5) . Moreover, both antimycin A and oligomycin treatments lead to increased expression of CHOP/GADD153 comparable to that induced by CCCP although CCCP is more toxic than either antimycin A or oligomycin as demonstrated by caspase 3 cleavage and percent of cell death (Fig. 5) . This Wnding indicates that eVects other than perturbation of protein folding may also be contributing to the toxicity of mitochondrial inhibitors in MM cells.
PPAR agonists troglitazone and fenoWbrate mimic mitochondrial inhibitors in inducing CHOP/GADD153 and cell death in MM cell lines Recently, it was reported that agonists of both PPAR and PPAR , fenoWbrate and troglitazone, respectively, inhibit mitochondrial respiration at various complexes which may be in part responsible for their clinically beneWciary eVects of lowering of lipids or glucose [35] , respectively. Since we Wnd that inhibition of mitochondria is associated with UPR induction and apoptosis in MM cell lines, we tested whether treatment with either fenoWbrate or troglitazone results in cell death in a manner similar to mitochondrial inhibitors. Both of these agents induce signiWcant toxicity in all 3 MM cell lines at doses that are less toxic to B-cell leukemia lines (Fig. 6a, b) . Interestingly, troglitazone, when compared to fenoWbrate, is found to be more toxic to B-cell leukemias. Therefore, fenoWbrate may have more direct eVects on ER-mitochondria Ca 2+ coupling while troglitazone may be interfering with other cellular processes in addition to its eVects on ER function. This contention is further supported when CHOP/GADD153 induction by either of these agents is assayed. As shown in Fig. 6c , fenoWbrate treatment leads to higher expression of CHOP/ GADD153 than troglitazone, although at the concentrations used in this experiment they both result in similar levels of cytotoxicity. Thus, both fenoWbrate and troglitazone appear to mimic other mitochondrial inhibitors in their ability to target MM cells via either ER or mitochondrial UPR although factors other than interference with protein folding may also be contributing to troglitazone mediated toxicity.
Discussion
In several reports, it has been demonstrated that mitochondria are important in maintaining ER Ca 2+ concentrations following its release from the ER [1, 7, 12, 16, 26, 29, 30] . When ER Ca 2+ levels decrease, mitochondria sequester this cation from the cytoplasm and subsequently transport it back into the ER via SERCA. This relationship between the mitochondria and the ER in regulating Ca 2+ , also known as [6, 12, 33] . However, it has recently been shown that Ca 2+ can also be released from the ER without activation of the IP3-or ryanodine channels. This release involves the translocon on the ER membrane, through which proteins are transported and leaks Ca 2+ following the binding of the translocon to a ribosome-peptide complex [11, 45] . Thus, it appears that there is a correlation between the rate of protein transport through the ER membrane and the leaking of Ca 2+ from this organelle. This Wnding suggests that a cell that synthesizes unusually high levels of secretory proteins such as MM, would leak more Ca 2+ from its ER and thus be hypersensitive to Ca 2+ deprivation. Indeed, we Wnd that treatment with thapsigargine, an agent that blocks entrance of Ca 2+ into the ER thru SERCA, results in greater cytotoxicity in MM as compared to B-cell leukemias cell lines (Fig. 1b) . Additionally, cell death was preceded by a higher increase in cytoplasmic Ca 2+ concentration of MM cells (Fig. 1c) . These data suggest that SOCE is more active in MM cells as compared to B-cell leukemias and therefore may underlie the heightened sensitivity of MM to agents that perturb ER Ca 2+ either directly (by thapsigargine) or indirectly (by mitochondrial inhibitors).
There is a great deal of evidence to demonstrate how m plays an important role in the uptake of Ca 2+ by mitochondria [3, 13, 14, 41] . However, the exact role of how each ETC complex contributes to the uptake and extrusion of mitochondrial Ca
2+ has yet to be resolved. Therefore, we selected CCCP, which directly reduces m, to investigate the possible reasons for the heightened sensitivity of MM cells we Wnd in response to the reduction in mitochondrial proton gradient. Immediately after addition of CCCP, m was dissipated and subsequently mitochondrial Ca 2+ was extruded into the cytoplasm of both MM and B-cell leukemic cell lines. Thus, our results demonstrate that lowering of m by CCCP renders mitochondria incapable of retaining Ca 2+ ions in both B-cell leukemia and MM cells, and therefore the diVerential response of each cell type to this activity of CCCP can not account for the increased sensitivity of MM to mitochondrial inhibition.
To determine whether, inhibition of mitochondrial Ca 2+ uptake generates greater ER stress in MM versus B-cell leukemia, we assayed CHOP/GADD153 expression. Although CHOP/GADD153 expression was initially identiWed as a marker for DNA damage and/or oxidative stress [10, 15, 37, 46, 47] , subsequent reports suggest that induction of CHOP/GADD153 is more responsive to ER stress than to either DNA damage or oxidative stress [27, 34, 44] . Figure 4c shows that CCCP is four times more potent in upregulating CHOP/GADD153 in MM than in B-cell leukemia. On the other hand, when upstream markers of the PERK pathway, including eif2 phosphrylation and ATF4 expression, were assayed at various time points following treatment with mitochondrial inhibitors, their upregulation was not observed. It appears that detection of phosphorylated PERK in MM cells appears to present a challenge since PERK and thereby eiF2 phosphorylation is rapidly turned oV in these cells to maintain continuous synthesis of immunoglobulins [42] . Another possibility to explain why upstream markers of PERK can not be detected in MM cells treated with mitochondrial inhibitors is based on recent studies demonstrating that perturbation of protein folding in the mitochondrial matrix can also lead to CHOP/ GADD153 induction independently from the PERK pathway [17] . Thus, it can be hypothesized that the high ER activity in MM cells renders their mitochondria susceptible to interference with protein folding in the matrix of this organelle. Further understanding of the mitochondrial UPR could facilitate testing of this novel idea. Nevertheless, our Wndings that CCCP is more potent in inducing CHOP/ GADD153 expression in MM versus B-cell leukemia indicate that inhibition of mitochondrial function results in greater perturbation of protein folding either in the ER and/ or mitochondria of the former cell type which correlates with greater cell death in these cells.
Similar to CCCP, all of the other mitochondrial inhibitors tested, also resulted in increased CHOP/GADD153 expression although the level of induction was found to be diVerent for each inhibitor. This Wnding could be explained by the diVerential ability of each ETC inhibitor to reduce m, which is dependent on what fraction of the proton gradient is regulated by the complex that each agent interacts with. Furthermore, although there is a great deal of evidence to show that m plays a role in mitochondrial Ca 2+ uptake, the contribution of each ETC complex to mitochondrial Ca 2+ uptake remains to be investigated. Thus, although our results clearly demonstrate that repression of mitochondrial function results in ER stress and thereby UPR activation in MM cell, further studies are required to determine how each inhibitor aVects the mitochondria-ER relationship.
When ER stress is not alleviated, apoptosis ensues and CHOP/GADD153 expression has been associated with this UPR-mediated mode of cell death [28] . Various mechanisms are oVered to explain how CHOP/GADD153 may initiate apoptosis such as suppression of bcl-2; reinitiating protein translation in an already overwhelmed ER and transfer of Ca 2+ from ER to mitochondria which results in Ca 2+ -mediated toxicity [39] . Nevertheless, the major outcome of sustained ER stress appears to be initiation of classical apoptotic pathways mediated by caspases [39] . Here, we demonstrate that the pancaspase inhibitor Z-VAD could reverse CCCP toxicity in MM which supports the hypothesis that reduction in m induces cell death via apoptosis. However, Z-VAD is a pancaspase inhibitor and therefore from this data we cannot determine which caspases play the major role in induction of apoptosis in MM cells treated with mitochondrial inhibitors. Since all of these agents have various eVects on mitochondrial function, it is possible that diVerent caspases may be activated depending on the mitochondrial inhibitor. On the other hand, Ca 2+ chelation could not alter CCCP toxicity in MM cells, indicating that cytoplasmic Ca 2+ accumulation due to mitochondrial inhibition does not appear to play a major role in induction of apoptosis. Thus, although further experiments may be required to better understand how ER stress is involved in mitochondrial inhibitor induced toxicity in MM cells, our results demonstrate that dissipation of m in these cells associates with an UPR-mediated apoptosis.
Recently, it has been demonstrated that the clinically utilized PPAR agonists fenoWbrate and troglitazone, which induce PPAR and PPAR , respectively, have anti-mitochondrial activity [4, 5, 8, 31, 32, 35] . These results prompted the use of these drugs in our studies. Similar to what we found for the mitochondrial agents, fenoWbrate and troglitazone were shown to be preferentially toxic in MM versus B-cell lines (Fig. 6) . Furthermore, both of these agents induce CHOP/GADD153 expression indicating the mechanism of cell death is also associated with UPR. Previously, it was reported that troglitazone is toxic to MM cells although the mechanism was not oVered. On the other hand, it is important to note that troglitazone was more toxic than fenoWbrate to B-cell leukemias indicating that it interferes with cellular pathways other than ER-mitochondria Ca 2+ exchange while fenoWbrate appears to be more speciWcally targeting this latter process. Our data indicate that fenoWbrate and to a lesser degree troglitazone, (via their anti-mitochondrial eVects) may prove to be a new way to treat MM.
Based on the highly upregulated ER function of MM cells our Wndings appear to reveal an Achilles' heel in this disease that may be exploitable with mitochondrial agents. Furthermore, other diseases in which enhanced ER function plays a role in their pathogenicity, may also prove to be similarly vulnerable to mitochondrial agents.
